Previously we have shown that a subset of visual transduction mutants in Drosophila melanogaster induce the formation of stable complexes between rhodopsin and arrestin. One such mutant is in a visual system-specific phospholipase C (PLC). The rhodopsin/ arrestin complexes generated in PLC mutants induce massive retinal degeneration. Here we demonstrate that both arrestin and rhodopsin undergo light-dependent endocytosis in a PLC mutant background. Interestingly, the internalized rhodopsin is rapidly degraded, but the arrestin is fully stable. The data are discussed with respect to mechanisms of arrestin-mediated endocytosis and human retinal disease. Ó
Introduction
Inherited retinal disorders comprise a large number of genetic diseases that affect numerous individuals worldwide. One such highly studied disease is retinitis pigmentosa (RP) which is characterized by an early onset of night blindness followed by a progressive loss of visual field, eventually resulting in the loss of sight by middle age. RP is found in approximately one in 3000 people worldwide (Berson, 1993; van Soest, Westerveld, de Jong, Bleeker-Wagemakers, & Bergen, 1999) . Analysis of many animal model systems has demonstrated that RP, as well as many other retinal diseases, are characterized by apoptotic cell death of the photoreceptor cells (Chang, Hao, & Wong, 1993; Chen et al., 1999; Liu, Li, Peng, Laties, & Wen, 1999) . In humans there are two major molecular mechanisms proposed to explain how a specific mutation can induce photoreceptor cell apoptosis. These include, mutations that bring about constitutive activity of the phototransduction cascade (Robinson, Buczylko, Ohguro, & Palczewski, 1994; Robinson, Cohen, Zhukovsky, & Oprian, 1992) and mutations that disrupt photoreceptor cell membrane turnover (Tso et al., 1994) . However, these two molecular mechanisms cannot account for all the presently known cases of photoreceptor cell apoptosis and retinal disease.
The fruit fly Drosophila melanogaster provides an excellent model system to study the molecular mechanisms associated with photoreceptor cell apoptosis. There are many mutations in flies that induce retinal degeneration, and in most cases, the molecular nature of the defect is known. Techniques are available to analyze ultrastructural defects associated with retinal degeneration (Colley, Cassill, Baker, & Zuker, 1995; Kurada & O'Tousa, 1995) , and the localization and mislocalization of phototransduction proteins can be analyzed in situ by immunofluorescence or immunogold labeling (Colley, Baker, Stamnes, & Zuker, 1991; Suzuki & Hirosawa, 1991) . Electrophysiological analysis can be performed on whole animals or intact photoreceptors to directly correlate retinal degeneration with perturbations in visual physiology (Hardie, 1991; Ranganathan, Harris, Stevens, & Zuker, 1991) . Finally, standard genetic techniques and a large collection of previously isolated mutations affecting cellular functions are powerful tools for the analysis of phenomenon such as photoreceptor cell degeneration (Ashburner, 1989; Lindsley & Zimm, 1992) .
There are a striking number of similarities between vertebrate and invertebrate phototransduction. Both utilize rhodopsin as the light receptor and signal Vision Research 42 (2002) 497-505 www.elsevier.com/locate/visres through a G protein signaling cascade. In addition, both vertebrates and invertebrates inactivate rhodopsin by a common mechanism, utilizing the actions of two proteins ( Fig. 1) . First, rhodopsin is phosphorylated on numerous serines and threonines at the C-terminus by rhodopsin kinase. The phosphorylated rhodopsin is then inactivated by the binding of an abundant soluble protein called arrestin which uncouples rhodopsin from the Ga subunit (K€ u uhn & Wilden, 1987; Wilden, Hall, & K€ u uhn, 1986) . There are several differences between the vertebrate and invertebrate phototransduction cascades. The invertebrate phototransduction cascade is detailed in Fig.  1 . Both the G protein and effector molecules are different between vertebrate and invertebrate phototransduction. In invertebrates, metarhodopsin activates a Gaq-type of G protein instead of transducin, and the effector molecule in the invertebrate phototransduction cascade is phospholipase C (PLC) rather than cGMP phosphodiesterase as in vertebrates. The enzymatic action of PLC eventually leads to the opening of two cation-specific channels in the plasma membrane called Trp and Trpl.
These channels are closed in the dark state and are gated by an unknown mechanism that could involve polyunsaturated fatty acids (Chyb, Raghu, & Hardie, 1999) . In spite of these fundamental differences, the similarities make Drosophila an excellent model system to study retinal disease. Certainly, the activation and inactivation of rhodopsin, which are very similar between invertebrates and vertebrates, can be studied in Drosophila and the conclusions directly translated to the vertebrate visual system.
The Drosophila eye is arranged into approximately 800 facets or ommatidia. Each ommatidium consists of 20 cells of which eight are photoreceptor cell neurons (Tomlinson, 1988) . The photoreceptors can be divided into three classes based on their localization within the ommatidium and the visual pigment that they express. The R1-6 photoreceptors express a blue light-sensitive opsin called Rh1 and the cells extend the full length of the ommatidium. The R7 cell extends through the distal half of the ommatidium and expresses an ultravioletsensitive opsins. The R8 cell extends through the proximal portion of the ommatidium and expresses opsins that absorb in the violet range. Therefore, a cross-section through an ommatidium reveals seven photoreceptor cells surrounding an intraommatidial space. Phototransduction takes place in a highly specialized collection of membranes called the rhabdomere found on the apical surface of the photoreceptor cell. Each rhabdomere results from the folding of 90% of the photoreceptor cell membrane into approximately 60,000 structurally organized microvilli (Wolff & Ready, 1993) . The photoreceptors extend their rhabdomeric microvilli into the intraommatidial space. This rhabdomere structure is analogous to the disks of vertebrate rods and the phototransduction organelles of cones.
There have been three major molecular mechanisms established in Drosophila to explain retinal degeneration. First is a structural model. When the structural integrity of the rhabdomere is compromised the photoreceptor cell undergoes apoptotic cell death. There are many mechanisms by which the structure of the rhabdomere can be altered. Defects in structural molecules such as chaoptin (Van Vactor, Krantz, Reinke, & Zipursky, 1988) or NinaC can induce retinal degeneration. In addition, loss of rhodopsin can result in retinal degeneration (O'Tousa et al., 1985; Zuker, Cowman, & Rubin, 1985) . Rhodopsin is an important structural molecule because it is the major protein component of the microvilli and is proposed to interact with and stabilize the actin cytoskeleton (Chang & Ready, 2000) . A second model states that retinal degeneration occurs due to constitutive activity of the phototransduction cascade. Mutants in this category include loss-of-function mutations in arrestin (Dolph et al., 1993) , constitutively active Trp channels (Yoon et al., 2000) , and mutations in diacylglycerol kinase that fail to remove second messenger signals (Raghu et al., 2000) . Another molecular model for retinal degeneration is that complexes between arrestin and phosphorylated rhodopsin are stabilized in the microvilli. These complexes are removed from the rhabdomere by receptor-mediated endocytosis and trigger apoptotic cell death (Alloway, Howard, & Dolph, 2000; Kiselev et al., 2000) .
One model for how complexes between rhodopsin and arrestin are formed and induce photoreceptor cell apoptosis is shown in Fig. 2 . Arrestin is phosphorylated in a light-dependent manner by Ca 2þ /calmodulindependent protein kinase (Kahn & Matsumoto, 1997; Matsumoto et al., 1994) . In the absence of the phosphorylation, arrestin is unable to release from photoreceptor membranes and complexes between arrestin and rhodopsin accumulate in the photoreceptor cell (Alloway & Dolph, 1999) . These rhodopsin/arrestin complexes are formed either because unphosphorylated arrestin has a higher affinity for rhodopsin, or because the unphosphorylated form of arrestin recruits clathrin and sequesters rhodopsin and arrestin in clathrin coated vesicles. Since mutations that block endocytosis disrupt retinal degeneration, it is assumed that the protein complexes are internalized into the cell body by receptor-mediated endocytosis. Given that the unphosphorylated form of arrestin can induce this apoptotic event, any mutation that blocks the phosphorylation of arrestin will trigger apoptosis. There are two different classes of mutations that can induce rhodopsin/arrestin complexes. First, any mutation in arrestin that blocks its phosphorylation, and second, mutations that block the activation of Ca 2þ /calmodulin-dependent protein kinase can induce complexes between rhodopsin and arrestin.
Although we have previously demonstrated that a mutation in PLC, called norpA, results in the formation of complexes between rhodopsin and arrestin that are directly responsible for photoreceptor cell apoptosis, we have yet to demonstrate that these complexes directly induce receptor-mediated endocytosis. Here we show that there is massive endocytosis of both rhodopsin and arrestin in norpA mutants, and this internalization is largely blocked by a temperature-sensitive mutation that disrupts endocytosis.
Materials and methods

Drosophila stocks
All Drosophila melanogaster stocks are in a white (w) background to eliminate screening pigments in the eye. The norpA EE5 mutation was induced by ethyl methanesulfonate (EMS) and has been characterized previously (Bloomquist et al., 1988; Hirosawa & Hotta, 1982) . The shibire (shi ts ) mutant is an EMS-induced temperaturesensitive allele equivalent to shi 1 , and has been previously described (Grigliatti, Hall, Rosenbluth, & Suzuki, 1973) . The white mutant (w 1118 ) is a spontaneous mutation that has been extensively characterized (Lindsley & Zimm, 1992) .
Immunostaining cross-sections of photoreceptors
Flies were dark reared at room temperature and shifted to room light. The eyes were then removed and fixed with 4% paraformaldehyde in PBS. Fixed tissue was rinsed one time with PBS and then infused with 40% sucrose in PBS overnight. The eyes were frozen and cut into 1-lm-thick sections using a Sorval MT5000 ultramicrotome with a RMC CR2000 cryo attachment (RMC products, Tucson, AZ). Sections were cut with a sample temperature of À28°C and a knife temperature of À50°C. The sections were treated with a blocking solution of 1% BSA and 0.1% saponin in PBS (PBS-S) for 15 min at room temperature and then incubated with antibodies against Arr2 and Rh1 at 4°C overnight. Antibodies were diluted 1:100 in PBS-S. FITC and TRITC conjugated secondary antibodies (Jackson ImmunoResearch, West Grove, PA) were used at 1:100 for 4 h at room temperature. Stained sections were observed with a Leica DMRE confocal laser-scanning microscope (Leica Microsystems, Heidelberg, Germany).
Biochemical analysis
Three heads per sample were removed from the appropriate flies and homogenized in a buffer containing 150 mM KCl, 20 mM Tris (pH 7.5), 5 mM DTT, 0.5 lg/ ml aprotinin and 0.5 lg/ml leupeptin. The samples were subjected to SDS-PAGE and Western blot analysis with antibodies against Arr2 and Rh1 at a concentration of 1:4000. The Arr2 antibody has been previously described (Dolph et al., 1994) . The Rh1 antibody (4C5) developed by David Blest was obtained from the Developmental Studies Hybridoma Bank under the auspices of the NICHD and maintained by The University of Iowa, Department of Biological Sciences, Iowa City, IA 52242. HRP conjugated secondary antibodies (Jackson ImmunoResearch) were used at a concentration of 1:5000.
Results
As described above, we have previously demonstrated that norpA mutations induce a light-dependent photoreceptor cell apoptosis. This apoptotic event is induced due to the formation of rhodopsin/arrestin complexes in the photoreceptor cell rhabdomere. We had previously presented genetic evidence that receptor-mediated endocytosis is responsible for the cellular apoptosis, but we have yet to provide cell biological evidence that endocytosis is occurring in this genetic background.
Immunolocalization of rhodopsin and arrestin in norpA mutants
In order to test if rhodopsin/arrestin complexes induce endocytosis, wildtype and norpA flies were raised in total darkness and either immediately fixed or shifted to room light for 24 h prior to fixation. Fixed tissue was frozen, sectioned, stained with antibodies specific for arrestin and rhodopsin, and viewed by confocal microscopy. In dark-raised wildtype flies, the arrestin protein localizes to the rhabdomeres of the R1-R7 photoreceptor cells. This can be easily visualized by the circular pattern of seven punctate spots (Fig. 3A) . The Rh1 rhodopsin localizes only to R1-R6 cells; the central R7 cell does not express Rh1 and instead expresses the UV photosensitive pigments Rh3 and Rh4. Once again this can be visualized by a circular pattern of six im-munoreactive rhabdomeres per ommatidium (Fig. 3B) . After 24 h of light treatment, wildtype flies exhibit a slightly different localization pattern of both rhodopsin and arrestin (Fig. 3D-F) . The majority of the rhodopsin and arrestin remains localized to the rhabdomere although its localization has shifted to the cytoplasmic face of the organelle. In addition, a small percentage of both arrestin and rhodopsin can be found in the cytoplasm and exists primarily as punctate colocalized protein. In spite of the change in localization of both proteins, greater than 90% of the rhodopsin and arrestin remains rhabdomeric.
The situation in the norpA flies is strikingly different. norpA mutant flies raised under dark conditions are indistinguishable from wildtype flies with nearly all of the arrestin and rhodopsin localized to the photoreceptor cell rhabdomere (Fig. 3G-I) . However, after 24 h of light stimulus there is significant internalization of both arrestin and rhodopsin. Nearly all of the arrestin has been internalized into the cell body, only a small amount of rhabdomeric protein remains (Fig. 3J) . The rhodopsin not only exhibits cytoplasmic localization, but the levels of the Rh1 protein have decreased dramatically (Fig. 3K) .
Time and light-dependent decrease in rhodopsin levels in norpA mutants
Analysis of rhodopsin and arrestin protein levels by immunoblot analysis verifies the immunolocalization studies. The levels of both arrestin and rhodopsin remain unchanged in wildtype flies even after six days of light exposure (Fig. 4) . In norpA flies the arrestin maintains wildtype levels throughout the light treatment, however rhodopsin levels drop dramatically after just 48 h of light treatment. After five days of light treatment, rhodopsin levels have been reduced to <5% of dark levels. It should be noted that the time course of rhodopsin loss differs slightly from the immunofluorescence data and the immunoblot data. The immunofluorescence data show a dramatic loss of rhodopsin after only 24 h of light exposure whereas immunoblot analysis shows a decrease after three to four days. Presently we are unable to provide an explanation concerning why the protein levels are different between these two methods. One possible explanation is that the rhodopsin is lost from the distal portion of the eye first. Since the immunofluorescence sections view the very distal portion of the eye, it would be expected that rhodopsin would be lost first from this region. However, we have found no significant differences between opsin levels in the distal and proximal portions of the retinal in light-treated norpA flies (data not shown). Another possibility is that the epitope recognized by the rhodopsin monoclonal antibody is masked once rhodopsin is localized to the endosomal compartments or when newly synthesized rhodopsin is localized to the endoplasmic reticulum. In spite of the temporal difference between immunoblot analysis and immunofluorescence, it is still clear that the stable complexes that are formed in norpA mutants induce massive internalization of both arrestin and rhodopsin under ambient light conditions. This internalization is followed by a reduction in rhodopsin protein levels.
Dynamin mutations block arrestin-mediated internalization
Previously it has been demonstrated that a temperature-sensitive mutation in dynamin suppresses retinal degeneration in norpA flies (Alloway et al., 2000) . Dynamin is a GTPase that is essential for synaptic transmission (van der Bliek & Meyerowitz, 1991) . It is proposed that the dynamin GTPase functions to ''pinch off'' the budding vesicle from the plasma membrane. In Drosophila there exists a temperature sensitive allele of dynamin called shibre (shi ts ). At the restrictive temperature shi ts alleles are paralyzed due to the failure of synaptic transmission.
If the massive level of endocytosis seen in Fig. 3 is responsible for the retinal degeneration seen in norpA mutants, we would predict that blocking this internalization should rescue the retinal degeneration phenotype. We therefore tested whether shi ts , which partially prevents norpA-mediated degeneration, also blocks the internalization of rhodopsin and arrestin. norpA mutant flies raised at the semirestrictive temperature show a massive internalization of both rhodopsin and arrestin after 48 h of light exposure (Fig. 5A-C) . Arrestin exhibits both a cytoplasmic and rhabdomeric localization; only the nucleus is excluded from the staining pattern. Once again, the internalization of rhodopsin is accompanied by a dramatic loss of protein. However, the internalization is largely inhibited in the norpA shi ts double mutant after 48 h of light exposure (Fig. 5D-E) . Both proteins show primarily rhabdomeric localization and there is a rescue of the loss of rhodopsin seen in norpA mutants alone (compare Fig. 5B with Fig. 5E ). The shi ts allele used in these studies is not null allele. The null phenotype of shi is lethality and the phenotype of shi ts at the restrictive temperature is paralysis. The data shown in Fig. 5 were generated at a subrestrictive temperature to eliminate any affects of paralysis, therefore we would expect some internalization of both rhodopsin and arrestin due to the low expression of dynamin. These data provide a direct correlation between the internalization of rhodopsin/arrestin complexes and the retinal degeneration seen in norpA mutant. This suggests that the endocytosis of the rhodopsin/arrestin complexes or the Fig. 4 . Rhodopsin is degraded in a light-dependent manner in norpA mutants. Immunoblot probed with antibodies specific for arrestin and rhodopsin. Flies were light treated for the indicated number of days and head lysates prepared and subjected to immunoblot analysis. endosomal or lysosomal processing of these complexes is the direct trigger for photoreceptor apoptosis.
Discussion
Here we have clearly demonstrated that the complexes formed between rhodopsin and arrestin in norpA mutant flies induce massive endocytosis of both proteins. The internalized rhodopsin is rapidly degraded whereas the arrestin is maintained at a constant level even after long periods of light exposure. As expected, a temperature-sensitive mutation in dynamin partially blocked the massive endocytosis seen in norpA mutants and the characteristic loss of rhodopsin is not observed. It has previously been demonstrated that norpA-mediated retinal degeneration is blocked in the shi ts allele, suggesting that endocytosis is necessary for retinal degeneration in this mutant background (Alloway et al., 2000) . We now show that norpA induces endocytosis of both arrestin and rhodopsin. Taken together these data provide a clear demonstration that retinal degeneration in norpA mutants is induced by massive endocytosis of protein complexes in the Drosophila retina.
Although internalization of rhodopsin and arrestin is largely blocked in the shi ts mutant there is still a small amount of endocytosis. Moreover, norpA-mediated retinal degeneration is only partially blocked in a shi ts mutant background (Alloway et al., 2000) . As described above, this is due to the ''leaky'' nature of the shi ts allele at the subrestrictive temperature. In order to completely block endocytosis and prevent retinal degeneration, a loss-of-function allele affecting receptor-mediated endocytosis would be necessary.
We have uncovered an interesting light-dependent phenomenon in wildtype photoreceptor cells. In darkraised flies the rhodopsin and arrestin are localized homogeneously within the rhabdomeric microvilli. However, after 24 h of light exposure, both proteins are localized to the cytoplasmic face of the rhabdomere and the distal tips of the microvilli are, in many cases, completely devoid of immunoreactive material. It is tempting to speculate that this reorganization of rhabdomeric proteins is important for photoreceptor cell maintenance. It is necessary to turn over signaling proteins such as rhodopsin and arrestin on a regular basis. One way in which this can be accomplished is to redistribute rhodopsin and arrestin to the cytoplasmic face where it can be recognized by the endocytic machinery and internalized into the photoreceptor cell body.
There are two models for how the endocytosis of protein complexes could induce cellular apoptosis. First, the endocytosis itself or something downstream of the endocytic event could be inducing programmed cell death. The massive number of endocytic vesicles, the saturation of the lysosomal system, or the rapid degradation of rhodopsin are potential triggers for the apoptotic event. A second model is that in norpA mutants a molecule is being endocytosed into the cell body, such as phosphorylated rhodopsin, and is poisoning the photoreceptor cell. Although our data fails to distinguish between these two models, the massive amount of endocytosis seen in norpA mutants suggests that the mass action of endosomal processing is a likely candidate for the apoptotic trigger.
Both the immunofluorescence and the immunoblot data suggest an interesting model for arrestin-mediated endocytosis. The rhodopsin levels in norpA mutants decrease very rapidly, whereas the arrestin levels remain unchanged even after six days of light exposure. Rhodopsin is far more abundant than arrestin in the Drosophila photoreceptor, and it is estimated that in wildtype flies there is five to seven times more rhodopsin than arrestin (Dolph et al., 1993) . Since arrestin is required for rhodopsin endocytosis, this implies that arrestin needs to be recycled numerous times to remove all of the rhodopsin from the rhabdomere. One possible model for how this could occur is that endocytosed vesicles containing arrestin and rhodopsin fuse with the early endosome, and in the sorting endosome arrestin is sorted away from rhodopsin and is returned to the rhabdomere for another round of endocytosis. Meanwhile, the internalized rhodopsin is transported to the lysosome for degradation. This has interesting implications in the vertebrate b-adrenergic system where an arrestin homologue is necessary for the endocytosis and desensitization of hormonal signaling (Ferguson et al., 1996; Goodman et al., 1996; Lin et al., 1997) . Further work is required to test this model including isolation and characterization of mutations affecting endosomal sorting and lysosomal fusion. Mutations affecting these trafficking events should rescue retinal degeneration in norpA mutants.
The finding that massive endocytosis in flies induces retinal degeneration has significant implications in human disease. It has been determined that several mutations in human opsin generate complexes between rhodopsin and arrestin. The rhodopsin K296E mutation eliminates the lysine essential for the binding of the 11-cis-retinal chromophore (Hargrave & McDowell, 1992; Khorana, 1992) and is known to cause autosomal dominant RP (Keen et al., 1991) . It has been demonstrated both in vitro and in vivo that this mutation induces tight complexes between rhodopsin and arrestin (Li, Franson, Gordon, Berson, & Dryja, 1995; Rim & Oprian, 1995) . It is tempting to speculate that the retinal degeneration observed in these human RP's is due to the endocytosis of rhodopsin and arrestin.
